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Imaging of neuronal tissues by x-ray diffraction
and x-ray fluorescence microscopy: evaluation
of contrast and biomarkers for
neurodegenerative diseases
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Abstract: We have used scanning X-ray diffraction (XRD) and X-ray fluorescence (XRF)
with micro-focused synchrotron radiation to study histological sections from human substantia
nigra (SN). Both XRF and XRD mappings visualize tissue properties, which are inaccessible by
conventional microscopy and histology. We propose to use these advanced tools to characterize
neuronal tissue in neurodegeneration, in particular in Parkinson’s disease (PD). To this end,
we take advantage of the recent experimental progress in x-ray focusing, detection, and use
automated data analysis scripts to enable quantitative analysis of large field of views. XRD
signals are recorded and analyzed both in the regime of small-angle (SAXS) and wide-angle
x-ray scattering (WAXS). The SAXS signal was analyzed in view of the local myelin structure,
while WAXS was used to identify crystalline deposits. PD tissue scans exhibited increased
amounts of crystallized cholesterol. The XRF analysis showed increased amounts of iron and
decreased amounts of copper in the PD tissue compared to the control.

© 2017 Optical Society of America
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tics; (170.6935) Tissue characterization.
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1. Introduction

Parkinson’s disease (PD) is the most common motor neurodegenerative disease worldwide and
its prevalence is expected to dramatically increase in the near future because of the aging of the
population [1]. The classical disease symptoms comprise (but are not limited to) motor symptoms
such as rigidity, akinesia, rest tremor, and gait disturbance together with non-motor symptoms
such as sleep disturbances, hyposmia and psychiatric symptoms. Despite intense research, PD
diagnosis is still mostly relying on patients’ symptoms and early biomarkers for the disease are
still missing. In fact, only post-mortem analysis can ascertain PD diagnosis and exclude the
presence of pathologies with similar symptomatology [2].

Histologically, PD brains show two well-known hallmarks: the depletion of dopaminergic
neurons in the substantia nigra (SN) and the presence of protein aggregates named Lewy Bodies
(LB) that are mainly formed by a protein called alpha-synuclein (aSyn) [3]. In addition to that,
also iron (Fe) is thought to play an important role in PD pathophysiology as Fe dyshomeostasis in
the patients’ brains is well documented [4]. Specifically, in PD there is an accumulation of Fe in
the SN of the patients [5]. This is of great interest, since this particular brain region is one of the
most affected by the disease. Similarly to other neurodegenerative diseases, PD patients display
increased levels of oxidative stress and reactive oxygen species (ROS) [6]. Several cellular
processes are responsible for ROS increase and, in PD, Fe accumulation is definitely one of the
most prominent reasons. In fact, Fe and other metals can actively participate in the so-called
Fenton and Haber-Weiss reactions leading to the formation of the highly reactive hydroxyl
radicals thus exacerbating oxidative stress [7]. Together with Fe also dopamine is involved in
the increase of oxidative stress. In PD, dopaminergic neurons are affected in the course of the
disease leading to the appearance of motor symptoms. Dopamine metabolism is implicated in
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the generation of ROS [8]. Among dopamine byproducts, neuromelanin (NM) is noteworthy [9].
In contrast to other dopamine metabolites, NM is thought to exert a protective role against
oxidative stress [10]. Histologically, NM is a dark-brown pigment inside dopaminergic neurons
of SN (hence the name of this region). Therefore, due to its color, NM can be used in unstained
sections of SN to localize the dopaminergic neurons. Oxidative stress leads to the production of
unbalanced free radicals that are able to oxidize proteins, DNA and lipids in the cell. Among
oxidized lipids in PD, cholesterol and its oxidized byproducts (oxysterols) have shown to be
involved in the exacerbation of the disease and might represent a possible biomarker for PD [11].

In this work, we explored whether scanning hard x-ray microscopy using focused synchrotron
radiation can provide novel imaging modalities and ’structural biomarkers’ in the context of PD
research. To this end, we wanted to complement established histology of PD tissues by novel
molecular contrast mechanisms and by two-dimensional (2D) mappings of these signals, yielding
the micro-resolved spatial distribution of transition metals as well as the distribution of those
molecular structures, which can be identified from their diffraction patterns. This is a timely
effort, since significant progress in hard x-ray optics [12, 13] has now made possible to rapidly
scan tissue sections with micro- or nanometer focal spot sizes. By automated analysis, 2D maps
of x-ray fluorescence (XRF) and diffraction signals can then be generated, providing advanced
contrast mechanisms of scanning transmission x-ray microscopy (STXM). STXM with XRF
contrast [14] has already become a fairly well established method for trace element mapping
in neural cells and tissues, as reviewed in [15] and in [16]. In contrast to electron microscopy
based x-ray microanalysis (EDX), XRF collects signal from the interior of the tissue section,
with a sensitivity down to a few hundred atoms of an element in a pixel, and can also be used
for speciation. In particular, the elemental distribution of Fe, Cu, Zn, and Mn, with suspected
roles in redox regulation or signaling, have been addressed [17-20]. In this context, the local
spatial distribution is important. For example, it was shown by XRF mapping that neural cells
redistribute significant pools of copper from their cell bodies to the periphery upon calcium
activation [21]. Contrarily, scanning small-angle x-ray scattering (SAXS) and wide-angle x-
ray scattering (WAXS) are largely unexplored for neural tissues, except for studies of myelin
diffraction, see for example [19,22]. These techniques have contributed to the understanding
of biomaterials by local structure analysis [23-25]. This makes us confident that with further
decrease of detection levels, scanning SAXS and WAXS can also be advantageously applied to
soft biological tissues, in particular taking advantage of the recent experimental progress (e.g.
focusing, detection, background suppression).

2. Materials and methods

Ethics Statement: All samples were obtained from the UK Brain Bank (Parkinson’s UK,
London, England) and approved by the Multicenter Research Ethics Committee (07/MRE09/72).

Demographics: PD sample (#ID: PD102). Age: 81, Braak stage: 6, disease duration: 25 years,
post-mortem interval: 16 h. CTR sample (#ID: MS523). Age: 63, Braak stage: N/A, disease
duration: N/A, post-mortem interval: 21 h.

Sample preparation: 30 um thick tissue sections from snap frozen tissue blocks from the
midbrain of one PD patient and one non-PD control patient were cut in a cryostat (CM3050 S,
Leica, Nussloch, Germany) using special teflon-coated blades (DB80 LX, Nussloch, Germany)
to avoid iron particles contamination due to the friction. During cutting, the sample temperature
was kept at —17°C given a sample holder temperature of —15°C. After cutting, the sections
were deposited onto SiN membranes (8 X 8 mm? window size, 200 nm thickness, Silson Ltd.,
Southam, England) or onto 0.5 — 1 um thick, stretched polypropylene foils. The samples were
then air dried for 15 min at room temperature (RT) and dried for 30 min at 60°C. Finally, the
samples were enclosed with a second SiN or polypropylene foil and sealed with nail polish.

X-ray fluorescence and scanning diffraction experiments: The samples were imaged at the
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ID13 beamline of the European Synchrotron Radiation Facility (Grenoble, France). A scheme of
the experimental setup can be found in Fig. 1. The samples were mounted on a motorized stage

857 _—..
a oaB ™ /9
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", Vertex 3M

Eiger 4M detector

on-axis -
beamstop  video = =
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Fig. 1. Sketch of the experimental endstation. (a) Monochromatized undulator radiation
is focused down to a spot size of 2 x 3 um? through a transfocator. The sample (tissue
section on solid support, SiN window or polypropylene foil) is placed into the focus of
the x-ray beam. Scattered radiation and fluorescence is detected simultaneously on a 2D
pixelated detector (Eiger 4M, Dectris) and Vortex EM detector, respectively. An on-axis
video microscope facilitates sample positioning and alignment. A circular beamstop blocks
unscattered radiation at approx. 10 cm downstream of the focus position. A photograph of
the setup is shown in (b). Individual components are highlighted in color: Transfocator exit
window (orange), sample holder (red), Vortex EM detector (yellow), He-flushed flighttube
(blue), on-axis microscope (green), and Eiger 4M detector (magenta).

and regions of interest were identified with a movable in-line optical microscope. Diffraction
patterns were recorded using an Eiger 4M detector (Dectris, Baden-Daettwil, Switzerland) placed
either 0.139 m or 0.857 m behind the sample to collect data in the wide and small angle range,
respectively. Simultaneously, a Vortex EM detector (Hitachi High-Technologies Science America,
Northridge, USA) was positioned in the horizontal plane and tilted at 80° with respect to the
primary beam to record an X-ray fluorescence spectrum at each scan point. The distance of the
detector entry window to the sample was 35 mm and 38 mm, for the SiN mounted tissues and
polypropylene mounted tissues, respectively. The energy was set to 12.8 keV defined by the gap
of the Si(111) channel-cut monochromator. Beam-defining slits and a transfocator were tuned
to produce an elliptical spot of 2(4) x 3(v) um?. The step size in all scans was therefore set to
3 um to avoid overlap of subsequent scan points. Typically, an acquisition time of 50 ms was
chosen given an overall photon flux of 4.45 x 10'! photons/s.

Immunohistochemisty (IHC) of tissue sections: All chemicals were purchased by Sigma-
Aldrich unless otherwise stated. After the synchrotron analyses the tissue blocks were fixated in
4% PFA (Roth, #0335) for 48h and subsequently embedded in paraffin. Histological evaluations
were carried out on 4 um thick sections after deparaffinization [26]. Briefly, the sections were
submerged two times for 10 min in xylene and rehydrated in ethanol solutions of decreasing
concentration for 5 min each step: 100%, 99%, 96%, 90%, 70% and 50% ethanol. For each
sample, a section was stained with hematoxylin and eosin (HE) according to Mayer’s method [27].
Briefly, the sections were put in hematoxylin solution (#H9627) for 10 min, then washed in water,
and differentiated in 1% HCl-ethanol solution. Then, the slides were left 10 min to bluing in
running tap water and finally rinsed in distilled water. The slides were incubated 3 min in eosin
solution made with 0.25% eosin Y (#230251), 0.025% acetic acid (Roth, #6755) in 80% ethanol.
Subsequently, the slides were washed in distilled water and dehydrated through passages in
alcohol with ascending concentration of 70%, 90%, 95%, 99% and two times 100% for 3 min,
lastly twice in xylene for 5 min. Slides were mounted with mounting medium (#06522).

The sections stained for alpha-synuclein (aSyn) and p129-aSyn underwent antigen retrieval
in citrate buffer made with 10 mM sodium citrate (#251275), 0.05% TWEEN 20 (#P9416) at
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pH 6.0 for 3 times 5 min in the microwave. After cooling down, the slides for aSyn and myelin
were only rinsed in distilled water and the endogenous peroxidases were inactivated in 3%
H,0; solution (Applichem, #121076) in phosphate-buffered saline (PBS) (Applichem, #A0964)
for 10 min. After three washes in PBS, all the slides were blocked for 1 h in 10% fetal calf
serum (FCS)/PBS (Biochrom, #S0615). The sections were incubated at 4°C overnight with
the following antibodies: anti-human myelin basic protein (Dako, #A0623) dilution 1:2000;
anti-human aSyn (Covance, SIG-39725) dilution 1:500, anti-p129-aSyn (Abcam, #PS129). After
removal of the primary antibody, the secondary biotinylated antibodies were either sheep anti-
mouse (Amersham, #RPN1001) or donkey anti-mouse (Amersham, #RPN1003) and were diluted
in 1:200 and employed at RT for 45 min for the slides for aSyn and myelin. The revelation was
achieved by diluting 1:1000 the avidin-peroxidase (#A3151) and leaving it in incubation for
45 min. After three rinses in PBS, slides were incubated in 1% DAB liquid substrate (#D7304) in
PBS with the addition of 0.01% H,O,. For p129-aSyn stain, secondary antibody goat anti-rabbit
conjugated with alkaline-phosphatase was used (Dako, #D0477) at RT for 45 min. For p129-aSyn
a commercial kit was used for developing (DCS, #HK183-5K). After developing, all the slides
were washed in PBS and counterstained with eosin, dehydrated and mounted as previously
described.

3. Results

X-ray fluorescence results: XRF data was recorded from SN tissue sections with a total scanned
area of 6.45 mm?, divided into 2.52 mm? for the CTR and 3.93 mm? for the PD sample. From
the scanned area, 5.83 mm? was used for a quantification of the elemental content of SN
neurons. Maps of the distribution of single elements were obtained by a simple summation of the
fluorescence intensity between the respective channel numbers after calibration of the detector.
It was found that the Zn Ko line showed the most pronounced difference in signal originating
from regions identified as intra-cellular and background regions. Using the Zn signal as a cell
defining threshold, we have identified Zn thresholds in each scan for cell identification, as e.g.
shown in Fig. 2 together with an optical micrograph for comparison. From the optical micrograph
in Fig. 2(a), dopaminergic neurons are easily discernible because of the presence of the dark
pigment NM. Therefore, even without staining, NM positive cells can be identified under an
optical microscope. Figure 2 shows that there is a high correlation between the NM positive
cells and the area identified by applying a simple threshold to the Zn Ko map (red contours in
Fig.2(b)).

For all scans, it was possible to separate areas of cellular signal and background. Hence,
the summed spectra inside and outside of cells were generated for the PD and CTR samples
respectively, and divided by the scanned area, resulting in four spectra which are shown in
Fig. 3(a). Counts were normalized to the maximum intensity given by the elastic scattering peak.
Once again, one can observe that the peak of Zn Ka fluorescence at 8.6 keV is higher for the
cells and lower for the background, thus being consistent with our initial assumption. Elemental
decomposition of the summed spectrum was carried out using the analysis software pyMCA [28].
Figure 3(b-e) depicts the results separately for intra- and extracellular, as well as for the PD and
CTR sample. The presence of Si in the spectrum is due to the use of a Si-drift detector, while
Ar is a major constituent of air. Contributions of P, S, and Cl at the lower end of the spectrum
are too weak for a quantification, and will not be treated here. From the fitted spectrum, for
each elemental component we have determined the variation in the relative concentration by
subtracting the area under the elemental distribution from the PD sample from the CTR sample
and divided by the area of the PD sample for normalization. Hence, formally, we can write
(PD-CTR)/PD. This means that positive values refer to a higher concentration of an element in
the PD sample relative to the CTR. All major components are summarized in this fashion in
Fig. 3(f) along with their respective percentage variation with respect to the control sample.
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In the PD sample compared to the CTR, Fe amounts show a clear increase. Relative amounts
are, in fact, 90 + 12% in the intracellular space, while there is an increase of 277 + 41% for
the same element in the extracellular space. Regarding Cu, there is reduction in the PD sample
compared to CTR. The intracellular relative amount of Cu is —68 + 9%, while it is =55 + 13% in
the extracellular space.

_.._optical micrograph Zn Ka fluorescence
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Fig. 2. (a) Optical micrograph corresponding to a region of a single scan on SN of PD
sample. (b) Corresponding Zn Ka fluorescence intensity. Dark regions correspond to NM
positive cells in the tissue. (c) Defining a fixed threshold of the Zn Ko fluorescence yields a
logical map to locate the neuromelanin-positive cells (black). (d) A lower threshold yields a
logical map corresponding to the extracellular region (black). Scale bar: 100 um.

X-ray diffraction results: In addition to the element specific contrast, structural features were
analyzed by means of x-ray diffraction. Scattering patterns were collected on a single photon
counting 2D pixelated detector (Eiger 4M, 1 pixel point-spread function, Dectris, Switzerland)
placed 0.139 m or 0.895 m downstream of the focus to collect the diffraction signal in the wide-
and small angle range, respectively. With both detector positions, we could accommodate g,
ranges between 0.025nm~! to 4.1 nm™', suitable to detect reflections resulting from larger
ultrastructures such as fibers, fibrils and lipid bilayer stacks as well as reflections from crystalline
aggregations.

First, we analyzed the small-angle scattering signal that we tentatively attribute to the myelin
sheath which surrounds the axon of nerve cells and facilitates nerve signal conduction. Myelin is
an abundant component of neuronal tissue, however, its concentration varies based on the density
of axons and degree of myelination in different brain regions. From the histological staining of
myelin basic protein (MPB) shown in Fig. 4, it can be seen that the amount of myelin is reduced
in the SN due to the high density of cell bodies of dopaminergic neurons that constitute the SN
(Fig. 4(c)). On the other hand, the Red Nucleus (Fig. 4(d)) and the Crus Cerebri (CC, caudal
region to the SN) (Fig. 4(b)) are richer in axons and thereby myelin, hence they appear darker in
the stain.

Based on the hypothesis that the SAXS signal results from the myelin sheath, this difference in
density of axons should translate into a higher scattered intensity of the SAXS signal from the CC.
In Fig. 5(a-d) we show two darkfield maps from SN and fiber tract (FT) tissue from the CC. Data
resulting from a homogeneous region in (a) and (c), marked roi 1 and roi 2, respectively, have
been averaged and azimuthally integrated, as shown in (b) and (c). Two structure factor peaks
are observed in both cases. Importantly, and supporting the myelin hypothesis, the reflection
intensity recorded in the FT is stronger, by a factor of at least two. Further, the ratio of the two
reflections is found to be 3/2. It is therefore plausible, that the inner and outer peak indicate
a second and third order of a structure with a period of approximately 12.8 nm. In turn, this
corresponds well to periods reported for myelin nerves that have been dried to prepare the sample
for electron microscopy [29]. The observed peak positions and peak widths are summarized in
Tab. 1. In addition, one should expect a more oriented alignment of the myelin signal in a region
rich in neuronal connections due to the directed nature of neuronal connections linking different
parts of the brain. To confirm this, we have quantified the level of anisotropy of the myelin
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Fig. 3. (a) Comparison of the averaged fluorescence spectra obtained from the cellular
and extracellular regions of the PD and CTR sample. Note, that cells of the PD sample
contain a higher amount of Fe with respect to the CTR. (b-e). Spectral decomposition of the
data shown in A was done using pyMCA. (b) Spectral decomposition of the intracellular
area of CTR. (c) Spectral decomposition of the extracellular area of CTR. (d) Spectral
decomposition of the intracellular area of PD. (e) Spectral decomposition of the extracellular
area of PD. Meaningful elements were selected for further quantification. (f) Ratios of fitted
areas of the elements between PD and CTR. There is a higher concentration of Fe for the
PD samples especially in the extracellular area, while the Cu concentration is reduced both
in the extra- and intracellular compartment.

diffraction signal by performing a principal component analysis of the diffraction patterns, as
previously introduced in [30]. In this approach, the covariance matrix of the distribution of the
wavevector components g, and g in the detection plane, defined as

_ ( var(qy) COV(Qy’ qZ))
cov(gz,qy)  var(g;)

is diagonalized. The two corresponding eigenvectors ¥ and v, now form an orthogonal basis
with V| indicating the principal direction of scattering. The variance in each direction is given by
the eigenvalues 1; and A,. In this respect, the anisotropy of the scattering can conveniently be
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Fig. 4. (a) Overview of an IHC staining of MBP from tissue of the CTR sample in a
neighboring section of those that have been investigated using x-rays. The staining is
resulting in a brown color due to the product of the reaction between horseradish peroxidase
and DAB. The intensity of the color is dependent on the amount on MPB present in the
region, Scale bar: 500 um (b-d) Close-up regions show the myelin content of (b) Crus cerebri,
(c) Substantia Nigra, and (d) Red Nucleus. Scale bar: 50 um.

quantified by the unitless parameter w defined as

_ = A
A+ A

Note that prior to the PCA analysis, one typically has to define a range of g-vectors, here an
annulus of the diffraction pattern, of which the anisotropy is computed [30]. We found that indeed,
the anisotropy in the Crus Cerebri region is high and an orientation can be clearly deduced from
the diffraction, as visualized in Fig. 5. The orientation in Fig. 5(b) is coded in color as well as
by arrows indicating the nerve fiber orientation (orthogonal to the direction of v}) in the Crus
Cerebri. The anisotropy of the diffraction reported here is based on the diffraction from the
second order of the myelin signal, as shown in Fig. 6(b), which is more anisotropic in contrast
to the third order (see e.g. Fig. 6(b)). In a similar fashion, we have computed the orientation
and anisotropy of the third order of the myelin signal (data not shown), which showed that the
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Fig. 5. (a-d) Structure factor analysis of the SAXS signal. (a) Darkfield map of SN tissue
from CTR sample. Data from region 1, marked in red, was averaged and azimuthally
integrated, as shown in (b). (c¢) Darkfield map of FT tissue from CTR sample. Again, data
from region 2, marked in red, was averaged and azimuthally integrated, as shown in (d).
(e-f) Principal component analysis of fiber tract tissue of the Crus Cerebri. (¢) Anisotropy of
the myelin diffraction. (f) Orientation of the long axis of the myelin sheath. Orientation of
the axons is both color coded and indicated by superimposed black lines. Scale bar 100 pm.

orientation of the second and third order of the myelin signal are clearly correlated, with the
anisotropy of the third order being far less pronounced.

In addition to the anisotropy and orientation reported above, further structural quantities can
be extracted from the myelin signal, in particular lamellar repeat spacing and peak width. The
spatial fine structure of this signal could be of interest for future studies addressing in particular
the lamellar structure of myelin and related pathologies. In this work, however, we want to draw
the attention to a particularly surprising finding: apart from the predominant lamellar signal
of the myelin sheath, we also found isolated spots in the tissues of both PD and CTR, where
the diffraction pattern exhibited a hexagonal symmetry. This is exemplified in Fig. 6, where
next to a typical lamellar pattern we also present a diffraction pattern with hexagonal symmetry,
along with the associated locations in the darkfield map (indicated by arrows). From the fact that
higher order reflections are not visible in the diffraction signal, we infer that the underlying lipid
arrangement is rather hexatic than strictly hexagonal, i.e. exhibits directional but no positional
long range order. To our knowledge, such a phase behavior of the myelin sheath has so far only
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been observed in in vitro model systems mimicking the chemical composition of the myelin
sheath [31] but has not been observed previously in situ in studies employing human tissue,
even though an hexagonal phase was already proposed as early as [32]. To further quantify the
hexagonal scattering, we have averaged all patterns exhibiting clear hexagonal symmetry as well
as patterns in the bulk of the tissue. For both averaged patterns, we have performed an azimuthal
integration to once again determine the peak positions and peak widths. Again, we find that in
the bulk, the ratio of the lamellar positions of the second and third reflection order is given by the
ratio 3/2. The reflections of the hexatic phase are found at q(rhex) = 1.43nm™~! corresponding to a
period of agy = ﬁ = 5.1 nm which is well on the order of the thickness of a single bilayer.
qr

The peak positions and peak widths are summarized in Tab. 1.

In summary, we hypothesize that the myelin sheath, which would normally be a lamellar stack
of lipid membranes surrounding the axon of the neuron as sketched in Fig. 6(d) forms an inverse
hexatic phase, as shown on the right. Clearly, the presence of an hexatic phase could result
from the rather invasive sample preparation. The effect of temperature, freezing and drying has
been extensively studied in the literature , see e.g. [29,32-35] and references therein, however,
the values reported in the references cannot be directly compared to the values reported here,
primarily because the extracted nerve was typically re-immersed in a buffer solution after freezing
or heating. Therefore, future extension of this work has to investigate whether myelin is indeed
capable of forming hexatic phases.

Table 1. Summary of peak positions and peak widths as determined from the respective
structure factors shown in Fig. 5 and Fig. 6.

(2 0) [nm~ ] (3 0) [nm™ ] 2.0 [nm—]] o3G0 [nm—l] (3 0)/ (2,0)

ROI'1 0.98 1.47 0.09 0.09 1.50
ROI 2 0.96 1.44 0.08 0.10 1.50
ROI 3 0.93 1.39 0.09 0.08 1.49
Hexatic phase ¢ [nm~']  1.43 o™ mm~']  0.06

While myelin is an abundant component of neuronal tissue, by accessing the wide-angle
scattering range, smaller crystalline components can be localized by scanning micro-diffraction.
Indeed, pronounced wide-angle reflections from crystalline domains where observed in the
present samples. In the following, we aimed at localizing these crystalline domains and deter-
mining their origin (Fig. 7). Localization was achieved in three steps: First, background was
subtracted from each diffraction pattern. Secondly, crystalline reflections were identified in
each diffraction pattern by applying a threshold of 10 counts (Fig. 7(b)). Thirdly, intensity of
the reflections above 1.6nm~! and localized in the previous step was integrated. Intriguingly,
following this procedure, we noticed that the PD patient sample contained approximately ten
times more crystallites than the CTR patient sample (Fig. 7(d)).

To determine the origin of such diffraction, we have estimated the unit cell parameters
from diffraction patterns originating from single crystalline domains. The unit cell parameters
were referenced against the Cambridge Structural Database (CSD). Anhydrous cholesterol
appeared the closest match to the given unit cell parameters. To verify that cholesterol had indeed
crystallized primarily in the PD sample, we performed a maximum projection of a data set
containing larger amounts of crystallites. In a maximum projection of a stack of 2D diffraction
patterns, the maximum value was calculated for each pixel along the stacking dimension, to
accumulate all reflections in the acquired data onto a single 2D diffraction pattern. In a second
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Fig. 6. (a) X-ray raster scan (darkfield contrast) of a brain tissue section (SN region) from a
Parkinson’s disease patient. Arrows indicate locations at which an hexatic lipid phase could
be identified. Scale bar: 100 um (b, left) Myelin signal as can be observed throughout the
scanned sample region, while (b, right) a signal resembling an hexatic lipid bilayer phase
can only be found at isolated locations in the sample, as marked by arrows in (a). (c, left)
Averaged signal from roi 3 as marked in red in (a). (c, right) Averaged signal from locations
where an hexatic phase was identified. (d) Both patterns in (c) have been angular averaged
to identify the peak locations and peak widths. (e) Sketch of the myelin sheath surrounding
the axon of a nerve cell. A zoom region shows a sketch of the lamellar stacking of lipid
bilayers in the myelin sheath with myelin basic protein (MBP) and proteolipid protein (PLP)
as major protein constituents of the myelin sheath. Based on the data it can be speculated
that the myelin sheath can undergo a phase transition into an inverse hexagonal phase, as
shown on the right. MBP: Myelin basic protein, PLP: Myelin proteolipid protein. Subfigure
(e) with adaptions from [36].

step, the maximum projection was angular averaged to give a one-dimensional representation
taking into account all reflections occurring within the scan (blue curve in Fig. 7(e)). Finally,
reflection positions (red lines in Fig. 7(e)) were simulated using the values reported in [37] for the
unit cell of anhydrous cholesterol and superimposed onto the one-dimensional (powder averaged)
data. Data and simulation agree well up to approximately 6 nm~! where the degeneracy of the
triclinic lattice spacing dpx; is low, hence making it highly plausible that the crystallites were
indeed formed by anhydrous cholesterol. Subsequently, we correlated the spatial distribution of
cholesterol crystals with a 2D raster image (darkfield contrast, Fig. 8(a)), and optical micrographs
(Fig. 8(b)), as well as 2D maps of the x-ray fluorescence signal, namely the summed fluorescence
intensity (Fig. 8(d)) and the Zn, Fe and Cu fluorescence maps (Fig. 8(d-f)). It can be observed that
cholesterol crystals do not co-localize with the distribution of SN neurons and that the cholesterol
crystals appear in all cases to be mostly situated in the extracellular space.

Histological results: The tissue blocks were embedded in paraffin and the tissue sections
were stained with hematoxylin-eosin for a morphological evaluation and also with two different
antibodies: anti-aSyn and anti-p129-aSyn. In the PD sample, HE-stain showed the presence of
intracellular aggregates that were identified as Lewy bodies (LB, Fig. 9, top) and no other kinds
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Fig. 7. Crystalline reflections from anhydrous cholesterol. (a,b,c) Illustration of the crystal
localization procedure. (a) Diffraction pattern showing the presence of crystalline diffraction
peaks in the wide-angle region. (b) Thresholded diffraction pattern (background subtracted)
for a threshold of 10 counts. (¢) Summing the intensity of the reflections identified by the
logical masking procedure in (b) for each scan points yields a map of the crystalline domains
of the sample. (d) Summed number of scan points exhibiting crystalline reflections within
the CTR and PD sample. (e) Azimuthal integration of the maximum projection of the scan
(blue lines and dots) with red lines superimposed corresponding to reflections that would
result from anhydrous cholesterol.

of aggregates were found. On the other hand, the CTR sample was negative for aggregates. The
LB found were mostly present in the intracellular space and their diameter was ranging from 2
to 15 um.

To confirm that the intracytoplasmic inclusions that resembled LB contained aSyn, the sections
were stained with antibodies against aSyn and its phosphorylated form, which is mostly found in
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Fig. 8. Semitransparent map of the distribution of crystalline aggregates (red areas) overlay-
ing (a) the STXM map (darkfield contrast), (b) optical micrograph, (c) total fluorescence
intensity, (d) Zn Ko fluorescence map, (e) Fe Ko fluorescence map and (f) Cu Ka fluores-
cence map. Scale bar: 100 um.

LB. Both antibodies confirmed the presence of LB solely in the PD sample.

4. Discussion and outlook

In our experiment, we have combined scanning X-ray fluorescence and X-ray diffraction to map
neuronal tissues with high spatial resolution. We chose SN of a PD patient as well as a control,
aiming at a translation of advanced structural techniques to biomedical research in PD, and more
generally in neurodegeneration.

We found that the scanned PD tissue displayed a well-documented metal dys-homeostatsis
[5,38]. Our data are in agreement with previous studies, which showed that the highest amount
of metals on the human SN are contained inside the neurons while in the extracellular space
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Fig. 9. Histological evaluations of the samples. Each row represents the primary antibody
used, both for PD (left column) and CTR (right column) column. The arrows point to Lewy
bodies and the star highlights a Lewy neurite. Scale bar: 20 um.

lower concentrations are reported [5,39]. The entire elemental spectra of all scans were analyzed
to identify a signal suitable to discriminate between intracellular and extracellular space. The
neurons analyzed in SN are mostly NM positive cells, and previous reports pointed out that NM
is rich in Fe, Cu and Zn [40]. Among these elements, Zn was the element that displayed the
greatest concentration difference between intra- and extracellular content. Therefore, a threshold
on the Zn signal was chosen for automated identification of the two regions in the form of a
logical mask. Using these masks for all scans, four different spectra were computed: intracellular
and extracellular (sum) spectrum for PD, as well as intracellular and extracellular (sum) spectrum
for the CTR sample.

Compared to the CTR, Fe amounts were found to be three times higher in the extracellular
space for the PD tissue. This is consistent with results from other groups [41]. Intriguingly,
the Fe distribution in the extracellular space does not seem to follow a regular pattern. Indeed,
bright spots of Fe appear frequently in scans. The reason for the presence of these irregular Fe
deposits deserves further investigation. The methods followed in sample preparation (like the
special cryomatrix used, the temperature for sectioning and the special Teflon-coated blades)
should have prevented the displacement of metal between the inside and outside of the cell.
The extracellular Fe depositions might thus indicate some still unexplored mechanism in the
pathology. Cu concentration in the PD patient, on the other hand, are reduced by about 50% in
both the intracellular and extracellular space. This is in line with a recent report [38]. The analysis
of metal content in tissue is further motivated by the fact that in vitro experiments indicate that
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the interaction of aSyn with several metals (like Fe and Cu) promotes its aggregation [42—44].

Hematoxylin-eosin staining is routinely performed in the course of histological evaluations as
it provides a morphological characterization of the tissue [26]. In the PD sample analyzed we
could detect LBs by HE staining as they appeared with a dense eosinophilic core surrounded
by a clearer halo. The stain with aSyn and p129-aSyn confirmed the presence of LBs and of
Lewy neurites. All in all, the results are in line with ’classic’ PD histology, while the control
sample was devoid of these features. Even though LBs were identified by histological staining
of adjacent sections, we were unable to locate LBs during the scanning diffraction experiment,
which is a challenging task given their low number and small size ranging between 2 and 6 um [3].
It would be an important future goal to elucidate the molecular structure of the LB by x-ray
micro-diffraction, using the scanning approach presented here. A similar approach using tissue
from Alzheimer’s diseased patients has already proven successful in providing useful insights on
the development of amyloid plaques [45].

Contrarily, we found a pronounced diffraction signal corresponding to highly ordered crys-
talline structures which formed extended domains, primarily in the PD sample, and could show
that the crystallites are formed by cholesterol. The formation of cholesterol crystals could have
been caused by the fact that the tissue was left to dry at 60°C, which might have triggered a
phase transition, typically occurring during cooling of the sample at around 44°C [46]. However,
cholesterol crystals also seem to occur in preparations of nervous tissue where the sample was
dried at temperatures lower than 44°C [39]. The fact that crystallization took primarily place in
the PD sample could be explained in at least two ways. One is that the amount of cholesterol
in the PD sample was higher than the control. A lipidomic study is in support of this (first)
hypothesis. In fact, it has been reported that in the visual cortex of PD patients there is an
increased cholesterol level compared to control patients [47]. The other explanation is that the
proportion of the different phospholipids and cholesterol in the membrane was different between
the patient and control. This could lead to a lowering of the phase transition temperature thus
facilitating the phase change of cholesterol with consequent cholesterol crystal formation. This
hypothesis is also supported by a study in which the author could correlate the variation of
phospholipid composition in the membrane to its damage in PD patients [48].

Either way, cholesterol and several oxysterols have been correlated with their role in aging
and in neurodegenerative pathologies such as Alzheimer disease [49]. The blood brain barrier
naturally occurring in the brain prevents cholesterol and its derivatives to enter the brain from the
blood stream. Astrocytes produce most of the cholesterol in the brain. Variations of cholesterol
content are related to metabolic dysfunctions in the pathway connected to this lipid [11]. Animal
studies in mice correlate a diet rich in fat or cholesterol with the worsening of neurotoxins-
induced loss of dopaminergic neurons [50]. In in vitro studies, aggregated forms of aSyn could
disrupt phospholipidic bilayers that where rich in cholesterol [51].

Regarding cholesterol in PD, one should also keep in mind the role of oxysterols. These are
oxidized forms of cholesterol. They have exactly the same structure of cholesterol with the
addition of one (or more) hydroxyl groups on the sterol nucleus or on the side chain. They
are chemically very similar to their cognate and they arise from the ROS produced in the cells
that are particularly abundant in neurodegenerative diseases such as PD. These molecules have
been found to be in excess in PD patients and they are also suggested to be involved in the
etiopathology of PD [11].

Besides having identified and localized cholesterol as tissue component, XRD scanning of the
tissue also revealed a pronounced anisotropic SAXS signal, which can be attributed to myelin.
The orientation and the peak spacings of the myelin sheath can thereby be mapped throughout
the tissue, quantifying the underlying axonal orientation. Interestingly, it was found that in
sparse locations through the sample, the myelin scattering suddenly became hexagonal with no
long-range correlation, pointing at a hexatic phase of myelin at these spots. Future work will
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have to corroborate this finding and verify whether it is intrinsic or results from an invasive
sample preparation.

In conclusion, in our study we have combined standard histological techniques with advanced
spatially resolved XRD and XRF. A pronounced difference was found in trace metal compo-
sition of the PD sample compared to the control. In addition, a crystalline diffraction signal
attributed to cholesterol was observed to be more abundant in the PD tissue. Given the exiguity
of patients, the biological findings need to be further characterized in a larger cohort. Overall,
the approach described here for the characterization of human tissue is new and promising for
future applications such as the discovery of new biomarkers for neurodegenerative diseases.
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